INTRODUCTION
Detriments in cognition and memory are likely to occur after radiation therapy for brain cancer (1) (2) (3) (4) (5) and are also a concern for astronauts exposed to cosmic rays during longduration space travel (6) . In cancer therapy a range of neurocognitive detriments have been reported, including progressive deficits in short-and long-term memory loss, spatial relations, visual motor processing, quantitative skills and impaired learning (1) (2) (3) (4) (5) . The hippocampus is pivotal in maintaining normal cognitive function, and neurogenesis is believed to play a key role in hippocampal regulation (7) . Recently, the use of proton and carbon beams near the Bragg peak in so-called Hadron therapy has increased (8-10), leading to concerns of possible neurological effects. A large portion of space radiation is comprised of high-linear energy transfer (LET) particles, including heavy ions, stopping protons and neutrons. High-LET radiation may lead to lower dose thresholds for cognitive effects and possible qualitative differences compared to X rays (6) . The pathogenesis of neurological impairments is not well understood, however, changes to rates of proliferation and apoptosis of neuronal precursor cells in the dentate gyrus of the hippocampus have been suggested in published studies of rodent models (11) (12) (13) (14) (15) (16) , and behavioral changes reported in these animals suggest that altered neurogenesis is manifested directly in cognitive detriments (11) (12) (13) .
Neurogenesis continues throughout life in the subgranular zone (SGZ) of the hippocampus and subventricular zone (SVZ) lining the lateral ventricular of all mammalian species (6) . In the SGZ, newly born neurons migrate into the dentate granule cell layer and mature, ultimately connecting with the CA3 region of the hippocampus (6, (17) (18) (19) (20) . There are various precursor cell populations in the hippocampus and new neurons, astrocytes and oligodendrocytes are observed to be generated in adult animals (17) (18) (19) (20) (21) (22) (23) . Published studies show that at least two types of neural stem cells (NSCs) occur: radial and horizontal astrocytes or glia-like stem cells (17) (18) (19) . However, cell fate of NSCs in the adult hippocampus has not yet been established. ''Older'' stem cells may retain or deviate from the properties of self-renewal or cell fate decisions of embryonic neuroepithelial cells or fetal radial glia (20) .
Lineage tracing to study NSC properties has resulted in different conclusions, which may in part be due to different labeling approaches of cell populations used in different experiments (19) . Seri et al. (17) proposed that radial astrocyte (NSC) undergo asymmetric division to generate neuroblasts (NB). Both Steiner et al. (18) and Encinas et al. (21) considered that NSCs give rise to both neurons and astrocytes. Others have developed some unified hypothesis suggesting that NSCs in the adult hippocampus undergo maintenance via self-renewal and generate new neurons, astrocytes and other glial cells (19, 20) .
Previously published studies in mice and rats have shown that neurogenesis is altered after low-LET irradiation, e.g., X rays, electrons and medium-or high-energy protons for doses as low as 1 Gy and perhaps at lower doses (11) (12) (13) (14) (15) (16) . However, radiation damage to the complex hierarchy of cells in the hippocampus likely varies with different types of radiation. An important question arises as to whether high-LET radiation impairs neurogenesis in quantitatively or qualitatively distinct manners compared to X rays, including the dose dependencies of such impairments. Additional questions address how to estimate threshold doses below which full recovery is possible, and how to extrapolate such findings to different radiation types and from rodent models to humans. Experiments with carbon and iron particles suggest that cognitive impairments may occur at lower doses and persist much longer without recovery of neuroblasts and immature neurons compared to X rays (24) (25) (26) (27) (28) (29) (30) (31) . The main purpose of this study is to explore these questions by extending a predictive mathematical model of radiation-induced changes to neurogenesis, which was previously applied to X-ray experiments (32) , to consider high-LET irradiation. This model uses a system of nonlinear ordinary differential equations (ODEs) to represent age, time after irradiation and dose-dependent changes to the major cell populations reported in mouse experiments (32) . In the remainder of this article, the Methods section introduces the model equations describing neurogenesis without and with radiation exposure. This is followed by extensive comparisons to experimental data and discussion of several predictions of the model. We will show that heavy ions lead to distinct neurogenesis impairments, compared to X rays, due to the nonlinear nature of the system and the distinct rate constants that occur related to the more efficient damage induction per unit dose for heavy-ion irradiation.
METHODS

Adult Hippocampal Neurogenesis and Neuronal Cell Population
As described in our previously reported model, we represent hippocampal neurogenesis by considering four major compartments (Fig. 1A) , each of which represents a neuronal cell population (32) (17) . Feedback processes on proliferation dynamics are conveyed using rate constants that are dependent on cell concentrations, following the approach of Smirnova et al. used for radiation responses of other tissues (33) (34) (35) . We represent NSC proliferation as follows:
where W is the maximum proliferation rate and multipliers h 1 , h 2 and h 3 represent the dissimilar contributions of NSCs, NBs and ImNs in the feedback on NSC proliferation. Due to a lack of experimental data, we assume that self-renewal of NSCs is highly dependent on NB and ImN cell populations and that possible contributions of other neuronal cell populations are not significant. Furthermore, negative feedback on proliferation is dominated by radiation-induced changes in NBs and ImNs (32) . This assumption simplifies Eq. (5A) and becomes:
Neuronal Cell Population after Irradiation
The schematic diagrams in Fig. 1B and C show the effect of radiation exposure on neuronal cell populations. Based on the extent of radiation-induced damage, we have categorized cells as undamaged (n j ), weakly damaged (n jW ) and heavily damaged (n jH ), where j ¼ 1-4, which represents the four previously described compartments. Furthermore, a cell population is added to describe the number of apoptotic cells due to irradiation (n IR-apop ). Radiation-damage-rate constants are described by k j , which is divided into two components to illustrate weakly (k jW ) and heavily (k jH ) damaged cells. We considered two radiation-damage models:
Model A. The fate of weakly damaged cells is to undergo either repair or apoptosis (misrepaired cells). This model was previously considered for low-LET irradiation (32) . Model B. Weakly damaged cells go through repair, misrepair (leading to apoptosis) or conversion to heavily damaged cells. Heavily damaged cells are assumed to lead directly to apoptosis at the rate of k j .
The processes of repair or misrepair by weakly damaged cells are represented by rate constants a jR and a jM , respectively. We assume that the sum of repair and misrepair rates, a j ¼ a jR þ a jM , is a fraction of HEAVY-ION IMPAIRMENT OF NEUROGENESIS radiation-damage rate, as defined by a j ¼ x k j . Therefore, neuronal cell population after irradiation can be represented by the coupled ordinary differential Eqs. (6)- (10):
dn IRÀapop ðtÞ dt ¼ R j Â a jM n jW ðtÞ þ k j n jH ðtÞ Ã À v IRÀapop n IRÀapop ðtÞ where j
For the two radiation-damage models, the weakly and heavily damaged cell populations are described by the following for each j ¼ 1-4 representing neuronal cell population [Eqs. (11) and (12) 
Published radiation-response studies of neurogenesis suggest that neural stem cells are resistant to high-and low-LET radiation for doses up to approximately 10 Gy (29, 30) , and that gliogenesis was found to be more radioresistant than production of new neurons (12) (13) (14) . Similar to our previous model, this work focuses on heavy-ion damage to neuroblasts (n 2 ) and immature neurons (n 3 ), and we assume that k 2 ,k 3 .. k 2, k 4 , for doses up to 10 Gy based on recently published experimental findings (29) .
Considering the feedback of radiation damages on proliferation, Eq.
(5B) is modified to Eq. (13) to describe NSC proliferation. Dissimilar contributions of weakly and heavily damaged cells due to differences in their specific death rates are expressed by dimensionless multipliers U and C, respectively, as shown in Eqs. (14A) and (14B). The negative feedback caused by activated microglia on NSC proliferation is manifested by h mg l, where l describes the increase in newly born activated microglia relative to a nonirradiated condition and h mg accounts for the contribution of this feedback on proliferation.
We used parametric equations to describe the time-and dosedependent effects of newly born activated microglia on proliferation and of neurogenic cell fate of hippocampal neurogenesis (32) . The increase in newly born activated microglia (l) is experimentally determined through dual-labeling with BrDu and CD68, markers of proliferating cells and activated microglia, respectively. We describe the fold change in neurogenic fate of newly born neurons (D) as the ratio of fraction of NSCs that differentiate into neurons in irradiated (x a,IR ) over nonirradiated (x a ) conditions. Fraction of NSCs that differentiate into neurons (x a ) is experimentally characterized by BrDu and NeuN duallabeled cells, with the latter as a marker of mature neurons. Parametric equations to describe l and D are as follows [Eqs. (15) and 16)]:
where s is a time delay to exemplify the late onset of newly born activated microglia and change in neurogenic fate. This time delay is defined as s ¼ t -t d , where t d ¼ 30 days.
Acute and Fractionated Radiation Exposure
A simplified version of radiation-damage models A and B can be derived by assuming that rates corresponding to proliferation, differentiation and damage repair are negligible compared to the rates for damage induction during the acute irradiation period (a few minutes or less). Equations (6)- (12) can then be readily integrated, with the following solutions at the end of acute radiation exposure of duration, t IR [Eqs. (17)- (19)]:
Radiation-damage model A:
Radiation damage model B: 
Equations (17)- (19) then become the initial conditions to solve Eqs. (6)- (12), with the k j terms no longer contributing for postirradiation times.
For chronic irradiation, Eqs. (6)- (12) can be directly integrated. However, for fractionated irradiation (as is used in radiotherapy), equations are solved in two steps for each radiation fraction: first with the dose-dependent k terms on, followed by a second period with the k terms off.
Data Analysis and Mathematical Modeling
All data analysis and modeling were performed using MATLABt 2015a (MathWorkst Inc., Natick, MA). Solver function ode45 was used to solve the system of coupled ordinary differential equations describing the dynamics of nonirradiated and irradiated neurogenesis.
RESULTS
Age Dependence and Dynamics of Neuronal Cell Population (in Nonirradiated Mice)
Parameters for hippocampal neurogenesis of C57BL mouse were numerically estimated based on our assumptions and the available experimental data of the neuronal cell populations being considered in the model. Nestin transgenic mice were used as reporter for the NSC population, while immunohistochemical markers Ki67 and Dcx were used for the NB and ImN cell populations, respectively, and double labeling with BrDu was used (21, 29, 30, 36, 37) . In this work, we assumed that NSC proliferation is highly dependent on radiosensitive NBs and ImNs such that h 1 is set to zero, implying the resistant NSC cell population has insignificant effect on the proliferation dynamics compared to NBs and ImNs. Moreover, we set the maximum proliferation rate (W) to be much higher than the NSC to NB or GB differentiation rate (d 1 ), to achieve a stable equilibrium state and avoid the state of complete extinction. Using the estimated parameters and initial values for each neuronal cell population [refer to ref. (32) ], the dynamics of age-dependent mouse hippocampal neurogenesis were developed (see Fig. 2 ), where comparison of mouse and human life stages based in part on the age-scaling described in (38, 39) is also shown. The number of NSCs decline rapidly at early ages while reaching a steady state at older ages. (24, 25, 27, 29, 30) , and compared to parameters used for X-ray exposure (32) . We observed that NB radiosensitivity varied only modestly for different radiation types, while ImNs appeared to be more sensitive to high-LET radiation. On the other hand, ImNs were more radioresistant than NBs independent of radiation type. To our knowledge, there are no published investigations that generate a more precise estimate for some parameters, such as characteristic doses of weakly (D 0jW ) and heavily (D 0jH ) damaged cells and fraction of repairable weakly damaged cells (n ¼ a jR /a j ). We assume that for different radiation types (proton, carbon and iron), the fraction of weakly (D 0j /D 0jW ) and heavily (D 0j /D 0jH ) damaged cells are the same at 0.01 and 0.99 for NBs, respectively, and 0.06 and 0.94 for ImNs, respectively. Our previous model for X-ray exposure estimated the fraction of weakly and heavily damaged cells to be 0.04 and 0.96 for NBs, respectively, and 0.20 and 0.80 for ImNs, respectively. Furthermore, we assume that the fraction of repairable weakly damaged cells is the same for NBs and ImNs, and that it is much higher after exposure to X rays, protons and carbon (n ¼ 0.99), than for iron (n ¼ 0.01). All other parameters are kept the same as in our previous model (32) . These estimated parameters are constrained to depict experimental observations of neurogenesis response to different radiation types. We consider the modeling of radiation-induced impairment of neurogenesis on 60-and 75-day-old mice, where initial values for neuronal cell population interpolated from Fig. 2A We compared the radiation-damage models A and B, and both gave very similar modeling results (data not shown). This might be due to the very low fraction of weakly damaged cells, which are estimated to be 0.01 for NBs and 0.06 for ImNs, or the lack of published experimental data to estimate parameter values. Therefore, the additional modeling results shown in this article are based on radiation damage model A. Radiation-induced cell loss was next assessed at various postirradiation times for different radiation types. Figure 3 shows the dose-dependent response of hippocampal neurogenesis to acute exposure of proton, carbon and iron particles at a specified postirradiation time, compared to their respective experimental data. Additional modeling results of the dosedependent response of neurogenesis at different postirradiation times are shown in Supplementary Fig. S1 (http://dx. doi.org/10.1667/RR14569.1.S1). Results show that acute exposure to X-ray or proton radiation displays an exponential decay of NBs and ImNs until 270 days postirradiation. However, acute exposure to iron particles exhibited a reverse sigmoidal curve starting at 180 days postirradiation, where rapid decay of both NBs and ImNs occurs at 0.25-0.50 Gy. An identical behavior was observed for acute exposure to carbon radiation where reverse sigmoidal curve began at 270 days postirradiation and rapid decay of NBs and ImNs occurred at 2.5-3.0 Gy.
Impaired Hippocampal Neurogenesis after Irradiation
Inflammatory Response and Neurogenic Fate at Late Postirradiation Times
Radiation-induced injury has been shown to cause activation of microglial cells and recruitment of peripheral monocytes accompanied by local production of proinflammatory cytokines, such as IL-6 (14) . Overexpression of IL-6 promotes astrogliogenesis and oligodendrogliogenesis, which might divert NSCs into gliogenesis at the expense of neurogenesis (13, 14) . We have described the negative feedback regulation on proliferation at late postirradiation exposure times by an increase in newly born activated microglia and by a possible alteration of neurogenic fate or shift of NSC proliferation from neurogenesis to gliogenesis. Parametric Eqs. (15) and (16) describe the fractional increase in newly born activated microglia (l) and fold decrease in neurogenic fate (D), respectively. Estimated parameters are presented in Table 2 after first considering experimental data for activated microglia for X rays (12, 15) and iron particles (27) . For protons and carbon particles, experimental data was not available and we considered the data for the kinetics of impaired neurogenesis to infer parameter values. Also, Rola et al. (25) had noted similar CCR2 immunoreactivity, a marker of neuroinflammation, after carbon and iron-particle irradiations of male C57BL/6 mice. We thus assumed the same values for parameters for X-ray and proton irradiation, while other parameters are adjusted to depict existing experimental data and the qualitative behavior of cell kinetics for carbon and iron irradiations. Figure 4A shows the dose-dependent response of l and D at 60 days after receiving acute iron radiation exposure, compared to experimental data (27) , while Fig.  4B shows a comparison of l and D at 60 days after receiving acute exposure to different radiation types (X ray, proton, carbon and iron).
Predictions of the dynamics of hippocampal neurogenesis until 300 days (10 months) after acute exposure (1-10 Gy doses) to different radiation types are presented in Fig. 5 . The age dependence of NSC number is described (Fig. 2) and plays an important role in the time courses predicted in Fig. 5 . Acute exposures among all radiation types considered (X ray, proton, carbon and iron) show similar behavior where severe transient radiation damages occur on the first few days postirradiation (,7 days) followed by a recovery until 30-90 days postirradiation, at which point activated microglial cells modulate responses. Restoration to normal condition is more evident for NBs than ImNs, and the negative feedback regulation by the inflammatory response on proliferation begins to manifest at 30 days postirradiation in NBs and at 60-90 days postirradiation in ImNs. At 300 days postirradiation, the dynamics after acute irradiation show that recovery of impaired neurogenesis can occur at ,7 Gy X-ray or proton, ,4 Gy carbon and ,0.4 Gy iron irradiations. The carbon data is for entrance energy particles of moderate LET, and we would expect a much lower dose threshold for carbon particles near the Bragg peak of much higher LET. Based on the predictions of Fig.  5 , we considered threshold doses (Fig. 6) where neurogenesis recovery fails by 270 day. Threshold doses were found to be highly dependent on the rate of ImN damage (D 03 ) and predicted to be highly dependent on radiation type with threshold doses below 1 Gy for high-LET particles. Figure 7 shows comparisons of the neurogenesis response to acute and fractionated exposure by different radiation types. The effect on ImNs by fractionated (5 3 0.20 Gy/day) and acute (1 Gy) irradiation, (the latter assumed to be applied on the final day of the fractionation schedule), is shown in Fig. 7A . Results are similar for radiation damage at day 1 postirradiation, with acute exposure resulting in slightly more damage than fractionated exposure at 90 days postirradiation. However, experimental data of iron-radiation exposure (29) indicated that the difference in ImN damage between acute and fractionated exposure is not significant at both 1 and 90 days postirradiation. Our model results for neurogenesis dynamics after acute (1 Gy) and fractionated (5 3 0.20 Gy/day) radiation exposure show no significant difference in ImN damage recovery (,1.5-fold recovery from fractionated than from acute exposure) until 270 days after proton or carbon irradiation. However, these results can be contrasted to those for the higher LET iron irradiation, where there is a convincing difference of threefold ImN damage recovery from fractionated exposure than from acute exposure. In Fig. 7B-D of 1 Gy/day) on NBs and ImNs at various postirradiation exposure times. Significant differences in NB damage between acute and fractionated exposures is evident for X rays, protons, carbon and iron. However, better recovery of NB damage from fractionated exposure at 270 days postirradiation was observed for X-ray (0.99), proton (0.99) and carbon (0.99) radiation, with little to almost no recovery observed for iron (0.22) radiation. On the other hand, significant differences in ImN damage between acute and fractionated radiation exposure is only visible at 270 days postirradiation, at which point almost complete recovery of ImN damage from fractionated exposure is attained for X rays (0.93), protons (0.92) and carbon (0.86) particles, while there is little recovery for iron particles (0.38). In addition, fold increase in ImN damage recovery from fractionated over acute exposure at 270 days postirradiation to X rays, protons, carbon and iron was 1.6, 1.6, 4.7 and 7.6, respectively. Modeling dynamics of neurogenesis after acute (5 Gy) and fractionated (5 3 1 Gy/day) exposure of each radiation type is shown in Supplementary Fig. S2 (http://dx.doi.org/10.1667/ RR14569.1.S1).
HEAVY-ION IMPAIRMENT OF NEUROGENESIS
Neurogenesis Response to Fractionated versus Acute Radiation Exposures
DISCUSSION
We used a mathematical model to consider the radiation type dependence of radiation impairment of adult neurogenesis in the dentate gyrus of hippocampus. It has been previously shown that impaired neurogenesis is associated with cognitive detriments after radiation exposure (15, 28) . However, there is still debate as to the functional role of neurogenesis in the SGZ, while an important role for learning and memory, including pattern separation, is expected (7, (42) (43) (44) . Furthermore, at low to moderate doses of heavy ion radiation, other detrimental central nervous system (CNS) effects have been detailed [reviewed in ref. (6)], including impairment of executive function (45, 46) and changes to dendritic morphology (47, 48) . Therefore, it is not clear if impairment of neurogenesis in the hippocampus is causative of all or a portion of cognitive detriments observed, or whether other mechanisms, including widespread and persistent oxidative stress (49, 50) , and other brain regions such as the prefrontal cortex, are the dominant modes for the cognitive detriments found in animal experiments. Because it is likely that multiple mechanisms are in play, alternative approaches to experimental design should be considered to further elucidate causative mechanisms for cognitive detriments due to radiation exposure (51) . Nevertheless, impairment of neurogenesis is known to be a critical factor in cognitive detriments and disease, and understanding the role of dose, radiation type and dose rate is an important area of investigation.
There has been significant progress in experimental research for detailing the many aspects of radiation impairment of neurogenesis (11) (12) (13) (14) (15) (16) , by, e.g., high-LET radiation (24-31, 52, 53) . However, studies have been limited in the number of doses, postirradiation time points, age at irradiation, and radiation types considered. Thus, mathematical modeling can serve as a useful tool to interpret experimental results and extrapolate to other conditions. We used a standard approach to modeling of cell kinetics, using a system of ordinary differential equations to describe key cell populations, including NSCs, NBs, GBs and ImNs. Neurogenesis is more active at a younger age, while a decrease in neurogenesis occurs with increasing age in mice less than 200 days old, and the mice used in radiation experiments are typically up to 90 days old. Age-related neurogenesis dynamics were previously considered in the model (32) , and played an important role in late time point comparisons at 1-3 months postirradiation, and among studies in mice of different ages. A description of the age dependence of the various cell compartments was made and was augmented by an agedependent radiosensitivity parameter for NBs for comparisons of radiation experiments at different mouse ages (32) .
The effects of radiation type enter the model through cell damage parameters for NBs, ImNs and GBs, with kinetic rates of repair of weakly damaged cells and for apoptotic conversion of weakly and heavily damaged cells. Because of the spatial patterns of energy deposition at the microscopic scale, heavy ions cause more severe types of DNA damage compared to X rays (54, 55) , including damages to neuron cells (56) . We considered two kinetic models of radiation damage and repair. Model A corresponds to one-hit models of damage of both weakly and heavily damaged cells. Model B is a two-hit model of damage with repair/misrepair allowing for a transition from weakly to heavily damaged cells and thus capable of describing shouldered survival curves. However, we found that available experimental data was not able to distinguish between damage models. For dose fractionation or chronic exposures, the two models could lead to distinct results, and this area should be further investigated. The D 0 values for NBs and ImNs, and conversion rates to apoptotic cells, were well constrained by the experiments considered, however, parameters related to the repair/misrepair rates for weakly damaged cells are not well determined, and we would need dose fractionation or variable dose-rate experiments to improve estimates of their values and to better analyze model assumption such as the choice between Model A and B or related models.
In our approach, the negative feedback on NSC proliferation is assumed to be dependent on the concentration of normal and radiation-damaged NSCs, NBs and ImNs. Contributions of undamaged and weakly damaged cells on the feedback mechanism are assumed to be equal, while that of heavily damaged cells is computed to be slightly higher (32) . In this approach radiation type is manifested in the damage probabilities for various weakly and heavily damaged cell populations, which therefore modulate the negative feedback on NSC proliferation with distinct dose dependences as a function of radiation type. Several of the parameters were not found to play a significant role and could be assumed that radiationdamaged NBs and ImNs have the same contribution, such that U 2 ¼ U 3 ¼ U and C 2 ¼ C 3 ¼ C, or that U and C could be set to unity with no significant difference in comparisons of model to experiments. However, the weak dependence found for several parameters in describing experiments could also reflect the limited experimental data available to confine estimates. The radiation type dependence of the negative feedback was predicted to be enhanced due to the more efficient damage to ImNs by heavy ions compared to X rays.
The dose thresholds' failure to recover from impairment of adult neurogenesis after acute irradiation were found to be highly correlated with loss of ImNs and resulting effects on NSC proliferation, and was highly dependent on radiation type (Fig. 6) . In future work we will extend these predictions to dose fractionation and chronic irradiation schemes. Also it would be extremely useful to obtain data at intermediate LET values between the published results for carbon and iron beams (24) (25) (26) (27) (28) (29) (30) (31) , such as lower energy carbon or silicon particles. However, an important issue remains with respect to how to extrapolate these results from mice to humans. An interesting analogy is depression of the bone marrow system where the threshold doses for impaired hematopoiesis is about twofold lower for humans compared to mice (57, 58) with a corresponding decreased lethal dose for humans. Because of the higher order 
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functions and complexities of the human brain compared to mice, we expect that threshold doses could be lower for humans relative to mice.
The role of neuroinflammation, specifically in newly born or activated microglial cells, has a dependence on dose, radiation type and time after exposure based on several published studies. The study of Monje et al. (13, 14) using X-ray doses of 2 and 10 Gy suggested an important role for microglia activation in reduced NSC proliferation, and that a possible shift of stem cell proliferation from NB to GB occurred, especially at the 10 Gy dose. However, in other studies with X rays or low-LET proton radiation, a reduced role for activated microglia and no concurrent shift leading to an increase in gliosis were reported (16, 59, 60) . Sweet et al. (16) have suggested that differences may occur due to the time and frequency of BrDu labeling, including the possibility that pools of NSCs may be dividing at different times. In contrast to these results, studies with iron particles demonstrated a significant microglia response for doses as low as 0.5 Gy (25, 27) . In this report we developed a parametric model based on reported experiments for microglia activation. Activated microglia lead to a delayed response, playing an important role in the impairment of neurogenesis at later times (.30 days) and ultimate failure to recover from such impairments. However, there is limited experimental information on microglia activation available beyond three months postirradiation, which will be needed to improve model predictions.
Threshold doses for neurogenesis impairment could also be affected in radiation cancer patients undergoing concurrent chemotherapy, and due to the role of stress on neurogenesis (61) . In space travel, other factors could play a role, including microgravity and altered circadian rhythm (6, 62) , exercise (60, 63) , as well as stress. Also of likely importance are the health effects of transient impairments at doses below that of the threshold dose for permanent impairment. Subthreshold impairments could be of clinical significance, as suggested in mouse experiments, where cognitive impairments have been observed for doses as low as 0.1 Gy for high-LET radiation (45) (46) (47) (48) 50) . However, as previously mentioned, there are multiple damage mechanisms occurring, and it is not clear if impaired neurogenesis is the dominant process for such detriments. For particle irradiation at low doses, stochastic effects may play a role in subthreshold impairments due to clustered damages occurring to small groups of NBs and ImNs, and possible effects on the ''wiring'' connections between the dentate gyrus and CA3 or other region of the hippocampus, and the ultimate function of new neurons. A large proportion of immature neurons are lost to apoptosis in an nonirradiated animals, however, it is unclear if redundancy ultimately protects against the loss of additional or specific ImNs, possibly diminishing the stochastic effects of energy deposition by high-LET particle irradiation.
In summary, we have developed a biophysical model of the dose and radiation type dependence of impaired neurogenesis that agrees well with X-ray, proton and heavy-ion experiments. The model was used to make predictions of the time course for neurogenesis after radiation exposure and, as described in our previously published study, the age dependence of these responses (32) . An important observation is that the ultimate outcome of impaired neurogenesis could take as long as nine months to be fully elucidated, while experiments to date have typically been performed for no longer than six months postirradiation. Our predictions for dose thresholds for impaired neurogenesis in mice after acute irradiation can be extended to fractionated and chronic irradiation schemes, however, several parameters related to rates of repair/ misrepair of damaged cells will need to be better constrained by additional experiments to understand the robustness of such predictions. Other studies will be needed to determine analogous thresholds in humans. In addition, we suggest that subthreshold transient impairments are likely to have important adverse health consequences for both patients and space travelers exposed to heavy ion irradiation. 
